Cryptococcus neoformans is a pathogenic yeast capable of a unique and intriguing form of 16 cell-to-cell transfer between macrophage cells. The mechanism for cell-to-cell transfer is not 17 understood. Here we imaged macrophages with CellTracker Green CMFDA-labeled cytosol to 18 ascertain whether cytosol was shared between donor and acceptor macrophages. Analysis of 19 several transfer events detected no transfer of cytosol from donor to acceptor macrophages. 20 However, blocking Fc and complement receptors resulted in a major diminution of cell-to-cell 21 transfer events. The timing cell-to-cell transfer (11.17 min) closely approximated the sum of 22 phagocytosis (4.18 min) and exocytosis (6.71 min) times. We propose that macrophage cell-to-23 cell transfer represents a non-lytic exocytosis event followed by phagocytosis into a macrophage 24 that is in close proximity and name this process Dragotcytosis (Dragot is a Greek surname meaning 25 'Sentinel') as it represents sharing of a microbe between two sentinel cells of the innate immune 26 system.
Introduction
or guinea pig complement (20% ; MilliPore) opsonized Cryptococcus at an MOI of 1 for 1 h. Cells 105 from the 24-well plate were labeled with CellMask Orange [ThermoFisher] according to 106 manufacturer's protocol, then raised and seeded over the MatTek dish after washing with 2mL 107 fresh cell media three times to remove extracellular cryptococcal cells. Cells were incubated for 108 30 additional minutes to allow for adhesion before supplementing the plate with 2 mL fresh cell 109 media. MatTek dishes were then placed under a Zeiss axiovert 200M 10X magnification, incubated 110 at 37ᵒC and 9.5% CO2, and imaged every 2 min for a 24 h period. Images were then manually 111 analyzed to identify clear transfer events. For each transfer event donor and acceptor cells were 112 outlined according to cell membranes visible in phase contrast. CellTracker and Uvitex 2B channel 113 intensities were then collected for each pixel within the cell outline and compared using unpaired 114 two-tailed t tests between pre and post transfer quantifications. 115 Receptor inhibitor experiments used a single MatTek dish with 5 x 10 4 macrophages 116 activated overnight with IFNy (0.02 µg/mL) and LPS (0.5 µg/mL). Cells were infected with C. 117 neoformans at an MOI of 1 for 1 h followed by three washes of 2 mL fresh media to remove 118 extracellular cryptococcal cells. Cells were incubated for 1h with aCD16/32 anti-Fc receptor 119 antibodies (0.5 µg/mL; BD Biosciences 553142) and CD11b anti-complement antibodies (0.5 120 µg/mL; BD Biosciences 553308) or Cytochalasin D (1 µg/mL ; Sigma) before beginning 24 h 121 imaging under the Zeiss axiovert 200M 10X magnification at 37 °C with 9.5 % CO2 overnight to 122 analyze total cellular exit events. 123 Fc receptor knockout experiments used a single MatTek dish with 5 x 10 4 macrophages 124 activated overnight with IFNy (0.02 µg/mL) and LPS (0.5 µg/mL). Cells were infected with C. 125 neoformans at an MOI of 1 for 1 h followed by three washes of 2 mL fresh media to remove 126 extracellular cryptococcal cells. Cells were then imaged for 24 h under the Zeiss axiovert 200M 127 8 10X magnification at 37 °C with 9.5 % CO2 overnight to analyze total cellular exit events. For 128 inhibitor trials, cells were incubated for 1h with CD11b anti-complement antibodies (0.5 µg/mL) 129 before beginning 24 h imaging under the Zeiss axiovert 200M 10X magnification at 37 °C with 130 9.5 % CO2 overnight to analyze total cellular exit events.
131
For phagocytosis and non-lytic exocytosis timing experiments were set up as above except 132 using an MOI of 1 for 2 h at 4ᵒC, then MatTek dishes were placed on the microscope stage, and 133 images were immediately taken every 1 min for 24 h immediately after adding mAb 18B7 (10 134 µg/ml) directly to the dish. Each type of event (phagocytosis, non-lytic exocytosis, and cell-to-cell transfer) was given 138 a start and end based on the movie frame when beginning and ending was observed. The total 139 number of frames spanning from start to end were counted to estimate the duration of the event.
140
The start of phagocytosis was defined as the first frame in which a cryptococcal cell was attached 141 to a macrophage cell, no longer free moving through the media. The end of phagocytosis was 142 defined as the first frame in which it is undeniably clear that the cryptococcal cell has been fully 143 engulfed and is no longer touching the plasma membrane. The start of non-lytic exocytosis was 144 defined as the frame immediately prior to a cryptococcal cell within a macrophage moving toward 145 the plasma membrane. The end of non-lytic exocytosis was defined as the frame in which that 146 cryptococcal cell is fully outside of its host macrophage and no longer in contact with the plasma 147 membrane. The start of a cell-to-cell transfer event was defined in the same way as non-lytic 148 exocytosis, that is the frame immediately prior to movement toward the plasma membrane. The 149 9 end of a cell-to-cell transfer event was defined in the same way as phagocytosis, that is the frame 150 in which the cryptococcal cell is fully engulfed by the acceptor macrophage and is no longer in 151 contact with the plasma membrane. To determine whether cytosol was transferred from donor to acceptor cell along with 172 Cryptococcus cells during fungal macrophage-to-macrophage cell transfer, we visualized transfer 173 events in which only the donor cell was stained with a permanent cytosolic dye in BMDMs.
174
BMDMs were used in this and all proceeding experiments described in this manuscript. Upon 175 identifying a transfer event the microscopic images were isolated before, during, and after the 176 transfer event ( Figure 1 ). This experiment was repeated until ten independent events were 177 identified and the individual fluorescent channels were quantified at each frame before and after 178 Cryptococcal cell transfer. We found that cytosolic dye signal remained constant in the donor 179 ( Figure 2A ) and was not observable above background in the acceptor ( Figure 2B ) cell throughout 180 the event. However, fluorescence intensity corresponding to cryptococcal cells decreased in the 181 donor cell ( Figure 2C ) and increased in the acceptor cell ( Figure 2D ) after transfer. This analysis 182 was repeated for every event (SFig 1). Taken together these data showed no evidence that host cell 183 cytosol was transferred during cryptococcal cell-to-cell transfer. Additionally, we performed 184 experiments supplemented with a plasma membrane stain (CellMask Orange; ThermoFisher) and 185 11 identified two transfer events. There was no intensity difference between plasma membrane 186 staining before and after transfer, suggesting that there is no mixing between donor and acceptor 187 cell plasma membranes during transfer events (SFig 2). Table I ). To 206 further explore this phenomenon, and whether the reduction in observed effects was an artifact of 207 antibody incubation, we infected BMDMs harvested from Fc receptor knockout mice (Fcer1g) 208 opsonized with 18B7 antibody. We found that Fcer1g BMDMs experienced cell-to-cell transfer 209 significantly less than the control, p < 0.01, and at a similar rate as wild-type cells incubated with 210 the anti-FcR antibody ( Figure 3A , Table I ). These data suggested that both Fc and complement 211 receptor mediated phagocytosis can be utilized in cell-to-cell transfer. 212 We hypothesized that the initial phagocytic event may have downstream effects on whether 213 Cryptococcal cells can undergo cell-to-cell transfer. To explore a potential effect of complement 214 mediated phagocytosis, we repeated these experiments with guinea pig complement opsonized C. 215 neoformans on wild type BMDMs. We found that BMDMs which had ingested C. neoformans via 216 complement experienced abrogated cell-to-cell transfer compared to control and in frequencies 217 similar to both wild-type BMDMs inhibited with anti-FcR antibodies and Fcer1g BMDMs with 218 no inhibiting antibodies ( Figure 3A , Table I ).
219
Finally, we also performed experiments supplemented with cytochalasin, an actin inhibitor, 220 reasoning that actin activity is required for exocytosis. We observed no transfer events, with p < 221 0.001 compared to control, further supporting the idea that transfer relies on exocytosis events 222 ( Figure 3A ). Given these results, we favored the first hypothesis as the continued presence of a 223 phagosome around the cryptococcal cell would block antibody-receptor interactions. immediately prior to immediately after transfer. Each image was taken at two-minute intervals so 230 the total time of transfer was directly calculated by the number of frames. We found that the median 231 and mean transfer times were 11 and 11.17 minutes, respectively, from twelve total analyzed 232 events ( Figure 3C ). To our knowledge the timing of neither phagocytosis nor non-lytic exocytosis Our results indicate that cell-to-cell transfer is a coordinated process between two 248 macrophages, that it does not involve the transfer of cytosol (e.g. Trogocytosis), and that it does ingestion. Although no single observation provides a mechanism, when our results are considered 252 in combination, the most parsimonious interpretation is that C. neoformans cell-to-cell transfer 253 results from sequential non-lytic exocytosis events followed by subsequent phagocytosis of 254 expulsed yeast cells by an adjacent macrophage. (Figure 4 ).
255

Discussion
256
Non-lytic exocytosis was implicated in persistence of fungemia(10) and may be involved 257 in brain dissemination(23). Recently, non-lytic exocytosis was implicated as part of a process 258 whereby phagocytic cells transfer C. neoformans to endothelial cells resulting in a new mechanism 259 for cryptococcal crossing of the blood-brain barrier(16). Cell-to-cell transfer is a form of non-lytic 260 exocytosis that has received relatively little attention, largely because it is difficult to study. In 261 fact, the mechanism by which a fungal cell is transferred between two intact macrophages has been 262 difficult to envision given that it involves a yeast cell in a membrane-bound phagosome that must 263 cross two cellular membranes to travel from the donor to the acceptor cell. 264 We considered several hypotheses for the mechanism of cryptococcal cell-to-cell transfer.
265
Initially we were intrigued by the possibility that cryptococcal cell-to-cell transfer occurred via 266 Trogocytosis, a recently described cellular communication process in which cytosol and surface 267 proteins are shared between macrophages(24). Trogocytosis was previously shown to be a 268 mechanism that intracellular pathogens can utilize and promote to spread between macrophage 269 cells(25). However, when we labeled the cytosol of macrophages and loaded them with 270 cryptococcal cells we did not detect cytosol transfer from donor to acceptor cell during Non-lytic exocytosis events were reduced, but not completely abrogated, compared to 292 controls when macrophages were incubated with FcR and CR blocking antibodies. This finding 293 suggested that blocking antibody binding was somehow affecting exocytosis, raising the 294 possibility that the reduced transfer in the presence of blocking antibody was a consequence of 295 fewer donor cells. Consequently, we repeated these experiments with macrophages from Fc 296 receptor knockout mice. As previously stated, opsonizing C. neoformans with 18B7 allows 297 phagocytosis via the complement receptor so these macrophages can still be infected but will not 298 be able to undergo cell-to-cell transfer relying on the Fc receptor. As hypothesized, we found that 299 transfer events in Fc receptor knockout mice were reduced to levels similar to macrophages 300 inhibited via antibody, while lytic and non-lytic events were not significantly lowered compared 301 to control.
302
Based on the reduction but not complete inhibition of transfer events when only the Fc 303 receptor was inhibited we decided to investigate the contribution of complement receptor, 304 hypothesizing that it could be used as an alternative but less efficient cell-to-cell transfer route. 
312
An exocytosis-phagocytosis mechanism allows us to discard more complex explanations.
313
For example, we had also hypothesized that the phagosome directly transferred between cells, but 314 this also does not explain our results as inhibition of antibody receptors should not inhibit the direct 315 transfer of an organelle. If the cryptococcal cells were retained in the phagosome throughout the 316 cell-to-cell transfer process, then the phagosomal membrane would separate the opsonized 317 cryptococcal capsule from Fc and complement receptors on the acceptor cell surface. Another 318 hypothesis entertained was that cryptococcal cells are transferred utilizing membrane tunnel 319 structures between macrophages. A tunnel transfer explanation is unlikely given that tunnels were 320 absent from our microscopy analysis. In fact, when cell-to-cell tunnels occur these tend to be too 321 small for even cytosolic molecules to diffuse through(26). In any case, a tunnel explanation is also 322 ruled out by the fact that cell-to-cell transfer was abrogated by blocking cell surface opsonic 
